Abstract-We found that a single week of exercise enhanced cognitive function on the Morris water maze (MWM), such that exercise animals were significantly better than sedentary controls at learning and recalling the location of the platform. In order to elucidate the role that calcium calmodulin protein kinase II (CAMKII) holds in mediating the exercise-induced enhancement in learning and memory, a specific antagonist of CAMKII, KN-62, was used to block CAMKII in the rat hippocampus during a 1-week voluntary exercise period. Following, a two-trial-per-day MWM was performed for five consecutive days, succeeded by a probe trial 2 days later. Inhibiting CAMKII action during exercise blocked the ability of exercise to enhance memory retention on the MWM; the recall abilities of exercise animals receiving the CAMKII blocker were significantly worse than those of both sedentary and exercise controls. Conversely, CAMKII may not play a significant role in mediating the effects of exercise on learning acquisition as inhibiting CAMKII failed to block the exercise-induced enhancement in learning acquisition. Our results also show that CAMKII activation early during MWM learning may be counterproductive to learning acquisition, as exercising animals given the CAMKII inhibitor performed significantly (P<0.001) better than exercising control animals and sedentary controls only on day 2 of the MWM. Inhibiting CAMKII also blocked the exercise-induced upregulation of molecules critical for learning and memory, brain-derived neurotrophic factor (BDNF) and the transcription activator cAMP responseelement-binding protein, which is regulated by and downstream to BDNF action. These findings indicate that hippocampal CAMKII may have a refined role in mediating the effects of exercise on cognition, selectively functioning to regulate memory retention.
Experimental evidence underlines the growing consensus that exercise enhances cognitive function, showing its ability to improve learning and memory (Fordyce and Wehner, 1993; Kramer et al., 1999) , facilitate functional recovery following brain injury (Grealy et al., 1999) , and counteract the mental decline associated with aging (Laurin et al., 2001) . Despite this rigorous confirmation of the beneficial effects of exercise on CNS health, the molecular mechanisms underlying the ability of exercise to benefit neuronal and cognitive functions remain obscure.
Our previous efforts have identified the importance of the serine/threonine kinase calcium/calmodulin protein kinase II (CAMKII) in mediating exercise-induced plasticity in the hippocampus, an area involved in learning and memory formation (Vaynman et al., 2003) . Hippocampal CAMKII may likely contribute to perpetuating the effects of exercise on cognitive function. Indeed, CAMKII is highly expressed in postnatal forebrain structures, especially in the hippocampus (Erondu and Kennedy, 1985) . Multiple lines of evidence indicate that CAMKII may be critical for learning and memory. Long-term potentiation (LTP), an activity dependent strengthening of synapses believed to be an electrophysiological correlate of learning and memory, induces the activation of CAMKII. Moreover, both pharmacological and genetic manipulations have demonstrated the importance of CAMKII for memory processes (Silva et al., 1992a,b; Giese et al., 1998) . A mutation that results in the deletion of the major isoform of CAMKII impairs LTP and produces learning deficits and unstable spatial maps encoded by hippocampal place cells (Cho et al., 1998) . Recent evidence shows that the gene encoding hippocampal CAMKII is important for human memory performance (de Quervain and Papassotiropoulos, 2006) .
A potential mechanism through which CAMKII may potentiate the effects of exercise on cognitive function is by interacting with brain-derived neurotrophic factor (BDNF). Characteristically, exercise has been found to significantly increase BDNF, in the hippocampal area (Neeper et al., 1995; Vaynman et al., 2003) , which has been shown to exhibit an abundant expression of the receptor (TrKB receptor) through which BDNF exerts its action (Maisonpierre et al., 1990; Murer et al., 2001) . BDNF was initially consigned as a protein regulating the survival, growth, and differentiation of neurons during development (Barde, 1994) , but it has become recognized as a critical modulator of synaptic-plasticity in the adult brain (Lo, 1995) .
In this study we tested the possibility that CAMKII may be important for mediating the effects of exercise on learning and memory and synaptic plasticity. Exercise induces synaptic plasticity markers in the hippocampus through a BDNF-mediated mechanism, particularly increasing the mRNA levels of the transcriptional factor involved in memory formation, cAMP response-element-binding (CREB) protein (Vaynman et al., 2003 (Vaynman et al., , 2004b Gomez-Pinilla et al., 2001) , in a dose response manner to increasing BDNF mRNA levels (Vaynman et al., 2004b) . Importantly, CAMKII is able to regulate CREB-dependent transcription (Lonze and Ginty, 2002) . As both CAMKII and CREB have been described as molecular memory switches (Lisman et al., 2002; Yin et al., 1995) and have a well-established connection to the BDNF system, it is likely that CAMKII may play a prominent role in supporting learning and memory by affecting both BDNF and CREB expression in the hippocampus.
EXPERIMENTAL PROCEDURES Exercise paradigm
Adult male Sprague-Dawley (Charles River, Wilmington, MA, USA) rats (3 months of age) were randomly assigned to generate four groups: sedentary with the control injection (Sed; nϭ7); exercise with the control injection (Exc; nϭ6); sedentary with KN-62 injection (Sed/KN; nϭ8); and exercise with KN-62 injection (Exc/ KN; nϭ8). All rats were individually housed in standard polyethylene cages in a 12-h light/dark cycle at 22-24°C, with food and water ad libitum. We chose a voluntary exercise paradigm because it simulates aspects of human behavior in which animals choose how much to run. The exercise rats were given access to a wheel (diameterϭ31.8 cm, widthϭ10 cm) that freely rotated against a resistance of 100 g, attached to a receiver that monitored revolutions every hour (VitalViewer Data Acquisition System software, Minimitter Company, Inc., Sunriver, OR, USA). All groups were allowed to acclimate to their respective environments for 1 week prior to the start of experiments. Animals were exercised for a period of 1 week prior to Morris water maze (MWM) training, during which respective drug treatments were given to groups. The choice of a short 1-week exercise period was based on studies showing that this period is sufficient to enhance performance on the MWM task and increase the expression of synaptic plasticity markers believed to underlie mechanisms supporting cognitive function (Vaynman et al., 2003; Molteni et al., 2002) . The control rats were confined to a cage with no access to a running wheel. Animals continued in their respective experimental conditions for the duration of the experiment. All animals were killed the morning following the last treatment day by decapitation and their hippocampi were rapidly dissected out, immediately placed on dry ice, and stored at Ϫ70°C. These studies were performed in accordance with the United State National Institutes of Health Guide for the Care and Use of Laboratory Animals, and were approved by UCLA Animal Research Committees. Every effort was made to minimize the number of animals used and their suffering in all experimental procedures.
Drugs
We used the specific CAMKII inhibitor KN-62 (Ito et al., 1991) , acquired from Calbiochem Bioscience, La Jolla, CA, USA. KN-62 is a specific inhibitor that interacts with the regulatory domain of CAMKII (Tokomitsu et al., 1990) to block the active form of CAMKII (Kim et al., 2006) . KN-62 has been previously used in our laboratory to effectively block the action of CAMKII on molecular measures of synaptic plasticity in vivo (Vaynman et al., 2003) . We used a dose of 7.2 g/ul DMSO (Vaynman et al., 2003; Wolfman et al., 1999) , which has been shown to block CAMKII mediated memory on the water maze task (Wolfman et al., 1999) . We used cytochrome C (cytC), obtained in powder from Sigma, St. Louis, MO, USA, as the control drug since it has been used as a standard control for microbead injections (Vaynman et al., 2003; Lom and Cohen-Cory, 1999) . cytC Was dissolved in sterile distilled water, with stock concentration of 100 ng/l. Fluorescent latex microbeads, used as the vehicle for drug insertion into the hippocampus, were purchased from Lumafluor Corporation, Naples, FL, USA.
Preparation of microbeads
Infusion of KN-62 was achieved by coupling them to microbeads, which we have previously used as a reservoir for the successful delivery of viable inhibitors into the hippocampus for 7 days (Vaynman et al., 2003 (Vaynman et al., , 2004b . We prepared microbeads (Lumafluor) by the methods described previously (Riddle et al., 1997; Lom and Cohen-Cory, 1999) . Briefly, these consisted of coating the microbeads with each drug via passive absorbency by incubating overnight at 4°C with a 1:5 mix of microbeads to KN-62 or control solution. The morning after coating the microbeads, the solution was centrifuged at 14,000ϫg for 30 min and the microbeads were resuspended in sterile water at a 10% concentration. These two drugs were administered via injection of fluorescent latex microbeads directly into the right hippocampus, resulting in a consistent and effective blockade of targets as shown in the results. We have previously used this same microbead protocol for a 7-day period (Vaynman et al., 2004b) . Previous studies by Quattrochi et al. (1989) , Riddle et al. (1995 Riddle et al. ( , 1997 , and Lom and Cohen-Cory (1999) have reported successful delivery by microbeads of bioactive agents such as neurotrophins and neurotransmitter agonists/antagonists into highly localized brain regions.
Injection of drugs into the hippocampus
Exercise and sedentary rats received a single injection of KN-62 or the standard control. We used a unilateral injection to the right hippocampus following the protocol of our previous blocking experiments (Vaynman et al., 2003 (Vaynman et al., , 2004b . The contralateral hippocampus was not used as a control since, due to connecting fibers, a unilateral injection can cause changes on the contralateral side (Amaral and Witter, 1989) . Injections were given to all animals once prior to the onset of the running period, administered early in the morning to provide for an ample recovery time, which permitted all animals to begin running that same evening. All animals were anesthetized by isoflurane (2-2.5%) utilizing the Mobile Laboratory Animal Anesthesia System, and positioned in a stereotaxic apparatus that was used to secure the animal and to measure the site for injection. KN-62 or control solution imbedded in microbeads was injected into the right hippocampus (3.8 mm posterior to Bregma, 1 mm from the midline, and 3.7 mm vertically) using a Hamilton syringe in a volume of 2 l over 15 min. The location of microbead injection was verified by histological examination of selected brains, as previously described (Quattrochi et al., 1989; Riddle et al., 1995) . We visually inspected all the brains at the time of dissection, such that only those showing characteristic markings of microbeads of the right hippocampus were used for mRNA measurements. The microbead injection site was additionally verified by florescence microscopy ( Fig. 1 ) using an Olympus BX51 microscope.
Cognitive testing
To evaluate the effect of exercise and KN-62 inhibition of CAMKII activity on memory functions, all rats were tested, using the MWM, for spatial memory acquisition and retention (Morris et al., 1982; Sutherland Kolb and Whishaw, 1982) . The swimming pool (130 cm diameter, 50 cm height) was divided into four quadrants. As previously discussed in Molteni et al., 2002 , the quadrant housing the escape platform (12 cm diameter), was fixed in a permanent position 2 cm under the water surface during the course of the MWM training procedure and was defined as the target zone. The water, kept at a steady 22Ϯ2°C, was made opaque with white non-toxic biodegradable dye to prevent the rats from seeing the platform. We used a stringent two-trial-per-day, 5-day MWM training protocol, which we have identified as a good discriminative test for the effect of exercise on learning and memory (Vaynman et al., 2004b) . The animals were placed into the tank facing the wall from one of the equally spaced start locations, which were randomly altered every trial. Spatial reference cues around the pool were maintained constant throughout the duration of the MWM training and probe trials. Each trial lasted until the rat found the platform or for a maximum duration of 60 s. If the rat failed to find the platform, it was gently placed on the platform. At the end of each trial, the rat was allowed to rest on the platform for 10 s. The time to reach the platform (escape latency) was recorded for each animal. To assess spatial memory retention, a probe trial was performed 2 days after the last training trial, during which the platform was removed from the pool, while all other factors remained constant. As previously described (Molteni et al., , 2004 , rats were allowed to swim for 60 s, during which the percentage of time spent in each quadrant was calculated and their swim paths were semi-automatically recorded by a video tracking system (SMART: Spontaneous Motor Activity Recording and Tracking; #35E4F-FA9, Pan Laboratory s.l., Barcelona, Spain). The location of the platform was designated as quadrant P (Fig. 3B) .
Isolation of total RNA and real-time quantitative reverse transcription polymerase chain reaction (RT-PCR)
Total RNA was isolated using RNA STAT-60 kit (TEL-TEST, Inc., Friendswood, TX, USA) as per manufacturer's protocol. Quantification was carried out by absorption at 260 nm. The mRNAs for BDNF, CREB, and CAMKII were measured by real-time quantitative RT-PCR using PE Applied Biosystems prism model 7700 sequence detection instrument, which directly detects the RT-PCR product without downstream processing. This is achieved by monitoring the increase in fluorescence of a dye labeled DNA probe, one that is specific for the factor of interest plus another specific for glyceraldyehyde-3-phosphate dehydrogenase (GAPDH) gene, which has been previously used as a successful endogenous assay control Griesbach et al., 2002) . Total RNA (100 ng) was converted into cDNA using TaqMan EZ RT-PCR Core reagents (Perkin-Elmer, Branchburg, NJ, USA). The sequences of probes, forward and reverse primers, designed by Integrated DNA Technologies (Coralville, IA, USA) were: BDNF: (5=-AGTCATTTGCGCA-CAACTTTAAAAGTCTGCATT-3=); forward: (5=-GGACATATC-CATGACCAGAAAGAAA-3=); reverse: (5=-GCAACAAACCACAA-CATTATCGAG-3=); CREB: (5=-CATGGCACGTAATGGAGAC-TACCGCA-3=); forward: (5=-CCGCCAGCATGCCTTC-3=); reverse: (5=-TGCAGCCCAATGACCAAA-3=); CAMKII: (5=-CTC CAC TGT GGC CTC CTG CAT GC-3=); forward: (5=-AGC ACC CCT GGA TCT CGC-3=); reverse: (5=-TTC TTC AGG CAG TCC ACG GT-3=). The endogenous control probe, specific for the GAPDH gene, served to standardize the amount of RNA sample and consisted of the following oligonucleotide sequence (5=-CCGACTCTTGCCCTTCGAAC-3=). The RT-reaction steps consisted of an initial 2 min incubation step at 50°C to activate uracil glycosylase (UNG) and were followed by 30 min of reverse transcription at 60°C. A completion step for UNG deactivation was performed for 5 min at 95°C. The 40 cycles of two-step PCRreaction consisted of a 20 s period at 94°C and a 1 min period at 62°C.
Statistical analyses
We used GAPDH for RT-PCR as an internal standard as described previously in our other studies . Quantification of the TaqMan RT-PCR results was performed by plotting fluorescent signal intensities against the number of PCR cycles on a semilogarithmic scale. A threshold cycle (C T ) was designated as the amplification cycle at which the first significant increase in fluorescence occurred. The C T value of each sample was compared with that of the internal standard. These processes were fully automated and carried out using the ABI sequence detector software version 1.6.3 (PE Biosystem). Taqman EZ RT-PCR values for BDNF, CREB, and CAMKII were corrected by subtracting values for GAPDH as previously described Griesbach et al., 2002) . These corrected values were used to make cross-group comparisons. The mean values for the mRNA levels were computed for all four groups following completion of exercise and MWM training and compared using ANOVA. The analysis of maze data was performed in accordance with techniques described in Molteni et al. (2002) , using an ANOVA with repeated measures. The mean values of distances (K m ) run over the exercise period were computed for the exercise groups and compared using t-test. A Fischer-test was used for cross group comparisons. Results were expressed as the mean percent of control values for graphic clarity and represent the meanϮstandard error of the mean (S.E.M.). We used a regression analysis to evaluate the association between running distances (Avg K m /day) and MWM performance, both the acquisition (escape latency slope) and the consolidation phase (% time spent in P quadrant during probe trial), in each group.
RESULTS

MWM performance; learning acquisition
To assess spatial learning acquisition, we used a challenging two-trial-per-day, 5-day MWM paradigm, which has proven to be sufficiently sensitive for discerning learning differences between exercise and sedentary animals (Vaynman et al., 2004b) . Animals were trained every day for five consecutive days on the MWM task. Results showed that the escape latencies were similar between all four groups on day 1 of MWM training (Fig. 2 ). There was a significant "exerciseϫtreatment interaction" found on days 2 [F(3,25) (Fig. 2) . Injection of KN-62 into the hippocampus of exercising animals failed to significantly alter the exercise-induced effect on learning acquisition on days 3, 4, and 5 of MWM training; the Exc/KN animals had similar escape latencies on days 3 (14.6Ϯ3.8 s), 4 (11.5Ϯ2.5 s), and 5 (9.3Ϯ1.7 s) to Exc animals (16.8Ϯ3.3 s, 11.6Ϯ0.7 s, and 7.3Ϯ1.8, respectively). Application of the CAMKII inhibitor significantly (PϽ0.05) enhanced the learning acquisition of exercising animals on the MWM task on day 2; the Exc/KN animals had significantly faster escape latencies than exercising animals on day 2 (Exc/KN 28.4Ϯ2.9 s vs. Exc 48.5Ϯ3.8 s) as well as Sed control (51.7Ϯ3.6 s) and Sed/KN animals (46.4Ϯ4.4 s; Fig. 2 ).
MWM performance; memory retention
To evaluate memory retention, we performed a probe trial 2 days after the last MWM training day. Rats were allowed to swim for 60 s in the pool in which they received their training, but with the escape platform removed. The percentage of time spent in the probe quadrant, which previously housed the platform (quadrant P), was calculated for each animal. We found that the Exc group showed a clear preference for the P quadrant over Sed rats, as they spent a significantly (PϽ0.05) greater percentage of time in quadrant P (48.2Ϯ4.9%) than Sed controls (32.1Ϯ2.7%). Administration of KN-62 fully prevented the exercise-induced preference for the target quadrant, such that there was no difference between the amount of time spent by Exc/KN rats (34.6Ϯ3.9%) and Sed controls in quadrant P (Fig. 3A) . KN-62 administration did not significantly affect the preference of Sed/KN rats for quadrant P, as there was no significant difference in the percentage of time spent in quadrant P between Sed/KN (36.2Ϯ3.6%) and sedentary control rats (Fig. 3A) . To control for differences in MWM performance, we recorded each animal's swimming speed. We found no difference in swimming speeds between all four groups; Exc (64.8Ϯ3.2 cm/s), Sed (67.2Ϯ27 cm/s), Exc/KN (70.2Ϯ3.3 cm/s), and Sed/KN (64.6Ϯ2.6 cm/s; Fig. 3C ). We recorded the running distances for each exercise group and found that the average distance (K m ) run per day did not significantly differ between the exercise groups, Exc (2.42Ϯ0.86) and Exc/ KN-62 (2.70Ϯ0.96).
Effect of exercise and CAMKII blockage on CAMKII expression
We found that exercise increased CAMKII expression (131.8Ϯ10.7%) above sedentary controls (100Ϯ5.1%). Blocking CAMKII did not significantly affect CAMKII mRNA levels in sedentary animals (92Ϯ4.6%). Although the administration of the CAMKII inhibitor into the hippocampi of exercising animals did not inhibit the exercise induced increase in CAMKII expression (135.1Ϯ14.0%), the CAMKII inhibitor did block the association between exercise and CAMKII expression. We found a significant (PϽ0.05) positive correlation in individual animals, between running distance (K m /day) and CAMKII expression in exercising animals (rϭ0.82, nϭ6; Fig. 4A ). Conversely, application of the CAMKII inhibitor disrupted this association and resulted in a negative correlation between running distance and CAMKII expression (rϭϪ0.78, nϭ8; Fig. 4B ).
Effect of exercise and CAMKII blockage on BDNF and CREB
Exercise significantly (PϽ0.05) increased the mRNA levels of BDNF (137.5Ϯ8.95%) and CREB (154Ϯ8.47%) in the Exc groups above those of Sed controls (Fig. 5A-B) . Blocking CAMKII with KN-62 was sufficient to completely abrogate the exercise-induced increase in BDNF (137Ϯ9% to 108.5Ϯ7%), effectively reducing BDNF expression to Sed control levels (Fig. 5A , 5B: Exc/KN vs. Sed). In contrast, KN-62 significantly (PϽ0.05) but only partially knocks out the exercise-induced increase in CREB (154.57Ϯ8.47% to 128.25Ϯ5.79%; Fig. 5B ). KN-62 application seemed to have no effect during the sedentary Fig. 2 . Effect of blocking CAMKII action during the exercise period on learning using the MWM task. Exercise effectively improved learning ability, as exercise animals took significantly less time to find the platform (shorter escape latencies in the Exc group). Blocking CAMKII action during exercise did not abolish the exercise-induced enhancement in learning ability, as the escape latencies of exercise animals given the CAMKII blocker (KN-62) were comparable on days 1, 3, 4, and 5 to exercise control animals (Exc/KN vs. Exc). Surprisingly, blocking CAMKII action in exercise animals enabled animals to acquire the faster learning curve by day 2 of MWM acquisition as opposed to day 3 seen in exercise control animals. * Indicates significance for the Exc group as compared with the Sed control group for that day. condition on CREB mRNA levels (91.13Ϯ3.30%), but was effective at reducing BDNF levels (79.38Ϯ3.06%) slightly below Sed control levels.
DISCUSSION
This study provides novel evidence that CAMKII serves a refined role in mediating the effects of exercise on cognitive function, selectively functioning to mediate the exercise-induced enhancement in memory retention. Application of the CAMKII inhibitor KN-62 during the exercise period was sufficient to prevent the exercise-induced enhancement in recall and abrogate the exercise-induced increase in the mRNA levels of BDNF and a specific consummate end-product of BDNF action, CREB. We found that running distance in exercising animals was significantly associated with the amount of CAMKII expression in the hippocampus. The CAMKII blocker not only eliminated this association during exercise but also resulted in inversing the relationship between the amount of exercise and CAMKII expression. Interestingly, application of the ; rϭ0.82, nϭ6, PϽ0.05) . Administration of the CAMKII blocker disrupted this positive association and resulted in a negative correlation between running distance and CAMKII expression (Exercise/KN; rϭϪ0.78, nϭ8, PϽ0.05) in individual animals. The association is illustrated by the computer-generated best-fit line.
CAMKII inhibitor during the exercise period only partially blunted the exercise-induced increase in CREB expression but fully abolished the exercise-induced increase in BDNF.
The role of CAMKII in mediating the exerciseinduced enhancement in learning and memory
The hippocampus is a critical brain area involved in learning and memory, whose plasticity is prominently affected by exercise (Vaynman et al., 2004a) . Blocking experiments revealed that hippocampal CAMKII is involved in mediating the ability of exercise to enhance learning and memory. Exercise enhanced learning acquisition; exercise rats receiving control injections had shorter escape latencies to find the platform than their sedentary counterparts (Fig. 2) . Application of the CAMKII inhibitor during exercise did not significantly alter the latency to acquire the task on days 1, 3, 4, 5 from that of exercising controls, although it managed to significantly decrease the latency of acquisition on day 2 of the MWM task (Exc/KN vs. Exc; Fig. 2 ). We found that exercise enhanced the recall ability of animals above sedentary control levels; exercise animals spent significantly more time in quadrant P than their sedentary counterparts (Exc vs. Sed; Fig. 3A-B) . Presence of the CAMKII inhibitor during the exercise period effectively abolished this exercise-induced recall effect (Exc/KN vs. Exc; Fig.  3A) . Importantly, we found that the CAMKII inhibitor was selective for mediating the effects of exercise in the hippocampus as it did not noticeably affect the acquisition or recall abilities of sedentary animals (Sed/KN vs. Sed; Fig.  2, Fig. 3A) . Although, we found that the CAMKII inhibitor did not abolish the exercise-induced increase in CAMKII expression, we found that the amount of running was associated with the levels of CAMKII, such that animals that exercised more had greater levels of CAMKII expression in their hippocampi (Fig. 4) . As KN-62 is a specific inhibitor that interacts with the regulatory domain of CAMKII (Tokomitsu et al., 1990) to block the active form of CAMKII (Kim et al., 2006) , the effect of the CAMKII inhibitor on the CAMKII system may be more conspicuous from our finding that KN-62 administration in exercising animals disrupted this positive association between exercise and CAMKII. CAMKII inhibition resulted in a negative association between CAMKII expression and running distance, such that CAMKII expression incrementally decreased with more exercise in individual animals ( Fig. 4 ; Exc vs. Exc/KN). A possible explanation for the enhancement in learning seen on day 2 under the CAMKII inhibitor may be deduced from experiments showing that CAMKII serves as an inhibitory constraint on hippocampal neurotransmitter release during high frequency presynaptic activity (Hinds et al., 2003) . As KN-62 did not have any effect in sedentary controls, the effect of exercise on the synapse may be specifically related to the CAMKII system. Indeed, previous work in our laboratory has demonstrated a specific effect of exercise on vesicular release proteins in the hippocampus (Vaynman et al., 2006) , of which some have been found to be under the regulatory control of the CAMKII inhibitor KN-62 (Vaynman et al., 2004b) . Thus, it is possible that blocking CAMKII may have disinhibited its constraint on synaptic release to result in an enhancement in learning acquisition only in exercising animals.
A recent study has reported the capacity of CAMKII activation to disrupt the formation of spatial memory using the MWM task (Yasuda and Mayford, 2006) . Moreover, earlier research has demonstrated that blocking CAMKII with KN-62 has a facilitative effect on learning using the conditioned taste aversion paradigm in rats (Saccetti et al., 2001) . This hypothesis has recently been reinforced by the finding that an upregulation of endogenous CAMKII inhibitors in the hippocampus, occurring shortly after an associative learning task, may serve a prominent facilitative role in the learning and memory consolidation processes (Lepicard et al., 2006) . Given the complexity of learning and memory mechanisms, it may be postulated that spatial and temporal constraints may dictate the functionality of CAMKII action. Thus, CAMKII may function both as an inhibitory constraint on vesicular release at certain presynaptic sites and as a promoter of synaptic strengthening at the postsynaptic membrane. The potential physiological significance of this may be applied to information processing in the hippocampus. A recent study has found that CAMKII is central to spike timing-dependent plasticity in the hippocampus, such that the perseverance of potentiation or depression is dependent on the precise timing of pre-and post-synaptic spikes (Wang et al., 2005) . These findings demonstrating the dual nature of CAMKII action may explain why we found that the CAMKII inhibitor produced an enhancement in learning acquisition (as seen on days 2 in Exc/KN animals; Fig. 2 ), but in the long-term, it precluded memory recall (as seen by the behavior of Exc/KN animals on the probe trial; Fig. 3) . Importantly, the action of the CAMKII blocker appears to occur during exercise as supported by the finding that sedentary animals exposed to the inhibitor had similar acquisition latencies and memory retention to those sedentary animals that received the control injection. If the action of CAMKII was blocked during the MWM task, sedentary animals receiving KN-62 would have performed below sedentary control levels. Thus, if the effects of KN-62 on learning acquisition and retention are related to CAMKII's mediation of spiketiming dependent plasticity, these effects act as preparatory mechanisms to strengthen or weaken synaptic properties that ultimately mediate exercise-induced cognitive enhancement.
CAMKII modulates BDNF and CREB expression under the direction of exercise; implications for learning and memory formation
The results of this study demonstrate that the CAMKII blocker during exercise may be highly successful at paring down the exercise-induced increase in BDNF and its subsequent effect on synaptic plasticity underlying exerciseinduced cognitive enhancement (Fig. 4A-B) . The CAMKII inhibitor significantly but only partially prevented the exercise-induced increase in CREB mRNA levels (Fig. 4B) , although it fully eliminated the exercise-induced enhancement in memory retention (Fig. 3) . This was surprising given the long procession of studies asserting the importance of CREB in activity-dependent long-term neuronal plasticity, especially as an evolutionarily conserved molecule necessary for the formation of long-term memory (Dash et al., 1990; Bourtchouladze et al., 1994; Yin et al., 1995) . It has been postulated that the increase in CREB expression during learning facilitates long-term memory formation by reducing the usual requirements for repetition and rest during training (Yin et al., 1995) . The exerciseinduced enhancement in CREB expression, which we have also found to be significantly increased immediately after exercise (Vaynman et al., 2003) , may enable exercise animals to both learn and recall the location of the platform with less training.
The partial reduction in CREB expression (Fig. 5B ) seen under the CAMKII blocker may explain why exercise-enhanced learning acquisition persists (Fig. 3) . It is possible that this lingering CREB expression is due to the action of additional alternate signaling pathways that act in concert with BDNF to mediate the effects of exercise on synaptic plasticity (Vaynman et al., 2003) . One such alternative signaling pathway may be mitogenactivated protein kinase (MAPK), which we previously found to be a selective pathway in regulating CREB expression (as it did not modulate BDNF and TrkB mRNA levels) during exercise (Vaynman et al., 2003) . CAMKII may be under the dominion of other upstream elements, such as the NMDA receptor during exercise (Vaynman al., 2003) , which has been found to regulate the activity, synaptic level, and localization of CAMKII (Lisman et al., 2002; Thiagarajan et al., 2002) . Regulation of CAMKII by the NMDA receptor may also contribute to the discriminative effects of CAMKII action as it would provide for spatial specificity, localizing it to certain regions of the hippocampus, such as CA1, which fall under NMDA receptor-mediated synaptic plasticity (Geddes et al., 1986; Tsien et al., 1996) . A recent study found that the phosphorylation of CAMKII and CREB is NMDA-R-dependent in CA1 during late LTP, a period which is proposed to coincide with the consolidation phase of memory (Ahmed and Frey, 2005) . Moreover, we previously found that exercise-induced increases in BDNF levels did not occur in CA1 but were localized to CA3 and DG regions of the hippocampus (Vaynman et al., 2004a) . Taken together, these findings suggest differential regulation of CAMKII by the NMDA receptor and BDNF as dictated by its spatial hippocampal designation.
CONCLUSIONS
The benefits gained by voluntary exercise on synaptic and cognitive plasticity have elicited the fundamental question of what molecular mechanisms serve to impart these effects. Central to answering this question was the finding that exercise employs a BDNF-mediated mechanism to promote synaptic plasticity and learning and memory in the hippocampus (Vaynman et al., 2003 (Vaynman et al., , 2004b . In an effort to elaborate on the downstream mechanisms of BDNF action, this study tested the importance of CAMKII in mediating the exercise-induced enhancement in hippocampal dependent learning and memory. Our results provide evidence that exercise may employ CAMKII to selectively mediate the facilitative effects of exercise on memory formation. Finally, our results illustrate that, while CAMKII may have a modulatory impact on BDNF and CREB expression it may not supersede the importance of BDNF action in mediating the effects of exercise on neural and cognitive function in the hippocampus.
